• Blockade of either oxytocin or vasopressin 1A receptors increased mechanical hypersensitivity in both male and female rats after partial spinal nerve ligation • Levels of oxytocin in the spinal cord as well as oxytocin and vasopressin 1A receptor expression were increased after spinal nerve ligation in rats of both sexes 6.4, 12] g after injection) in both sexes, while having no or minimal effects in animals without surgery. Oxytocin fiber immunoreactivity was 3-to 5-fold greater in lumbar than other regions of the spinal cord and was increased more than 2-fold in lumbar cord ipsilateral to surgery. Injury was also associated with a 6.5-fold increase in oxytocin receptor and a 2-fold increase in vasopressin 1A receptor messenger RNA expression in the L4 dorsal root ganglion ipsilateral to surgery. Conclusions: These findings suggest that the capacity for oxytocin signaling in the spinal cord increases after surgery and that spinal oxytocin signaling plays ongoing roles in both sexes in recovery from mechanical hypersensitivity after surgery with known nerve injury.
B
ETTER understanding of the processes regulating recovery from painful injury, including surgery, is critical to developing strategies to speed recovery and prevent chronic pain. In humans, the speed of recovery from pain and disability after major surgery varies greatly between individuals, 1 and factors including female sex and degree of nerve injury are consistently associated, although weakly, with likelihood of chronic pain after surgery. 2, 3 Similarly in rats, recovery from mechanical hypersensitivity after surgery varies considerably between individuals, 4 although there is not a sex difference in the speed of recovery. 5 A key goal of research in this area is to understand the mechanisms underlying this variability and risk factors in recovery from surgery.
Surgery induces sensitization of peripheral and central nervous system structures and circuits involved in pain transduction and transmission, leading to mechanical hypersensitivity in animals and humans that may partially underlie pain after surgery. The extent and duration of mechanical hypersensitivity in the first weeks after surgery correlate with presence of pain months and years later, 6 ,7 yet mechanisms which regulate resolution of this hypersensitivity are not well described. Some studies in animals suggest that recovery from mechanical hypersensitivity may reflect a new balance between enhancement of both inhibition and facilitation rather than simply resolution of sensitization processes. For example, weeks after resolution from hypersensitivity induced by surgery or
What We Already Know about This Topic
• Pain resolves more quickly from cesarean delivery than other abdominal surgeries • Pregnancy-related hormones such as oxytocin may reduce postoperative pain in women, although similar systems may function in men as well PAIN MEDICINE inflammation, acute blockade of spinal opioid 8 or noradrenergic 4 signaling results in renewed mechanical hypersensitivity. In the case of noradrenergic systems, this enhanced inhibition during recovery reflects injury-induced increases in noradrenergic innervation of the region of the spinal cord receiving input from the injury, 9 and is associated with changes in G protein coupling of noradrenergic receptors. 10 Destruction of spinal noradrenergic innervation results in slowing of resolution of mechanical hypersensitivity after surgery. 4 The current study examines the role of oxytocin in recovery from hypersensitivity after surgery, and follows from clinical observations in obstetrics. After complicated vaginal or cesarean delivery, women have a remarkably low incidence of pain ascribed to the delivery itself one year later compared to other abdominal, pelvic, or perineal surgical procedures. 11 In animals, the speed of recovery from mechanical hypersensitivity after surgery with nerve injury is faster if the injury occurs in the immediate postpartum period, 5 a time of upregulation in oxytocin signaling. Since this quicker recovery is abolished if the pups are separated from the dams immediately after birth and transiently reversed following weaning of pups or by intrathecal injection of atosiban, a nonselective antagonist of oxytocin and vasopressin 1A receptors, 12 spinal oxytocin likely participates in this quicker recovery. Based on these and other studies of oxytocin in spinal pain neurotransmission, we examined the role of spinal oxytocin signaling in recovery from mechanical hypersensitivity outside the postpartum period, focusing on potential plasticity of oxytocin innervation, as well as oxytocin and vasopressin 1A receptor expression and behavioral pharmacology of oxytocin signaling in both male and female rats.
Materials and Methods

Animals and General Aspects of Study Design
A total of 120 male and 56 female Sprague-Dawley rats were obtained from Harlan Industries (USA) for these studies. Animals were pair-housed under a standard 12:12-h lightdark cycle (light from 6 AM to 6 PM), and provided with food and water ad libitum. All experiments were approved and executed in accordance to guidelines by the Institutional Animal Care and Use Committee at Wake Forest University (Winston Salem, North Carolina).
In all studies, the primary outcome measures, minimum biologically meaningful difference, power analysis (based on published or pilot experiments) to detect this difference, and statistical analysis plan including definition of outliers for data exclusion were defined prior to experimentation. Animals were randomly allocated by cage-pair groups and all experiments were performed with investigators blinded to treatment group. In some studies, several cohorts were required, in which case each cohort contained all randomized groups.
L5 Partial Spinal Nerve Ligation Surgery
Partial ligation of the L5 spinal nerve was performed as previously described in 7-week-old rats. 13 were assigned a paw withdrawal threshold of 26.0 g. Paw withdrawal threshold was the force that resulted in a 50% probability of withdrawal as calculated using a previously described up-down method.
14 Intrathecal Antagonist Studies during Recovery from Partial Spinal Nerve Ligation. Two independent experiments were performed: (1) animals were randomized to receive vehicle or one of two doses of atosiban; and (2) animals were randomized to receive vehicle or one of two doses of an oxytocin and a vasopressin 1A receptor antagonist. The first experiment with atosiban was to test whether there was any behavioral effect of blocking both spinal oxytocin and vasopressin 1A receptors. Since there was an effect, the second experiment was performed to distinguish which of these receptors was responsible for the behavioral effect. Within each experiment, there were two equally sized cohorts of male and of female no-surgery animals (no-surgery animals were age-matched to partial spinal nerve ligation animals) and two other, equally sized cohorts of male and of female animals after partial spinal nerve ligation. Animals were randomly allocated by cage-pair groups upon arrival to the partial spinal nerve ligation or no-surgery group prior to behavioral testing. Any animal that had paw withdrawal threshold less than or equal to 13 g in the two measures before the day of surgery was excluded from the experiment. Animals underwent paw withdrawal threshold testing weekly.
To investigate the ongoing activity of spinal oxytocin and vasopressin 1A receptors during recovery from partial Spinal Oxytocin Signaling and Surgical Recovery spinal nerve ligation, intrathecal administration of receptorselective antagonists was performed during a window of time of partial recovery, beginning 5 weeks after surgery, only when the paw withdrawal threshold ipsilateral to surgery had recovered to at least 13 g for two testing days in a row.
Animals that did not demonstrate paw withdrawal threshold greater than or equal to 13 g by 9 weeks were excluded. This time window and level of recovery were chosen based on prior experience with the partial spinal nerve ligation model which indicated that about 80% of animals recover to this extent during this time window (historical data, not shown). We also excluded animals from further analysis that had not recovered to at least 13 g after the previous drug injection.
For antagonist studies, drugs were administered over a period of 2 weeks, with injections separated by 2 to 3 days. Intrathecal injections were performed percutaneously between the L6 and L7 vertebrae of the spine using a 30-gauge 1-inch needle during brief (5 to 10 min in total) 2% isoflurane anesthesia. Successful entry into the intrathecal space was evidenced by a tail flick response upon the insertion of the needle. All drugs were delivered in a volume of 12 µL sterile saline solution. Drug solutions were injected with a sterile needle and syringe. Paw withdrawal threshold was assessed prior to and 0.5, 1, 2, and 3 h after injection.
Atosiban (Sigma-Aldrich, USA) 4 was dissolved in sterile saline before use and stored at 4°C. The low atosiban dose in this study was that previously determined to induce hypersensitivity after partial recovery from surgery in postpartum female rats. 15 A 5-fold higher dose of atosiban was also studied after pilot studies showed no behavioral toxicity from this dose (data not shown). The selective oxytocin receptor antagonist (desGly-NH 2 16, 17 The low dose oxytocin receptor antagonist was 3.52 µg and the high dose was 11.74 µg. The low dose vasopressin 1A receptor antagonist was 4.1 µg and the high dose was 13.65 µg. Drugs were dissolved in sterile saline and stored at 4°C.
In the atosiban experiment, animals were assigned to receive three injections (saline, low dose atosiban, and high dose atosiban) using a block randomization with three blocks. In the selective antagonist experiment, animals were assigned to receive five injections of saline, low and high dose oxytocin receptor antagonist, and low and high dose vasopressin 1A receptor antagonist, using a block randomization with five blocks.
Immunohistochemistry
Nerve injury and age-matched male rats were anesthetized with 5% isoflurane/95% oxygen, and injected with intraperitoneal Beuthanasia-D (195 mg pentobarbital sodium, 25 mg phenytoin sodium in 0.5 ml solution; Schering-Plough Corp., USA). Tissues were fixed for immunohistochemistry by intracardiac perfusion using 0.01M phosphate buffered saline containing 1% sodium nitrite followed by fixation with 0.01M phosphate buffered saline containing 4% formaldehyde. The entire spinal cord was dissected. The tissue was cryoprotected for 36 h in 0.01M phosphate buffered saline containing 30% sucrose and embedded in optimal cutting temperature cryoprotectant before sectioning the cervical (C2 to 5), thoracic (T3 to 8), and lumbar (L4 to 6) spinal cord into 20 µm slices. Tissue sections were washed without agitation with 0.1M phosphate buffered saline and blocked for 1 h at room temperature with 3% normal donkey serum with 0.3% Triton X-100 (Sigma-Aldrich) in 0.1M phosphate buffered saline to prevent nonspecific binding. All antibodies were prepared in 0.1% normal donkey serum with 0.1% Triton X-100 0.1M phosphate buffered saline. Tissue sections were incubated in 1:100 1° monoclonal mouse antibody to rat oxytocin-neurophysin (PS 38 ATCC CRL-1950; American Type Culture Collection, USA) 18 overnight at 4°C. The specificity of this antibody for oxytocin over vasopressin has been previously demonstrated 18 and this antibody was recently used to demonstrate to support largely nonoverlapping populations of oxytocin-and vasopressin-containing neurons in the paraventricular nucleus in the mouse. 19 We confirmed a similar pattern of largely nonoverlapping populations of oxytocin-and vasopressin-expressing neurons in the paraventricular nucleus of Sprague-Dawley rats (data not shown). Sections were washed without agitation in 0.1M phosphate buffered saline and then incubated with 2° donkey antibody to mouse conjugated to CY2 1:500 for 2 h at room temperature without mechanical agitation (Jackson Immunoresearch, USA). Images were captured with a Nikon Ni-U Eclipse microscope and assessed for oxytocin immunoreactivity using NIS Elements software (Nikon Instruments, Inc., USA). The area containing laminae I and II was determined in each image by dark field microscopy and the outlines of this area superimposed on epifluorescent images of oxytocin immunoreactivity. Deep laminae were defined as the region between the defined superficial laminae border and laminae V. The proportion of areas above a fixed threshold was calculated to determine oxytocin fiber density. The values from four sections at each spinal level and side per animal were averaged to yield one value for the oxytocin immunoreactive area for each level for every animal at each laminar division.
Messenger RNA Measurement
Tissue Preparation and RNA Extraction. Tissue was collected from animals 2 or 10 weeks after partial spinal nerve ligation or from age-matched no-surgery male animals. To collect tissue, animals were anesthetized with 5% isoflurane/95% oxygen and rapidly decapitated. The L4 to 6 region of the spinal cord was dissected and the superficial ipsilateral and contralateral sides were collected in ice cold 0.1M phosphate buffered saline. L4 and L5 dorsal root ganglia were dissected from the ipsilateral side.
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The total RNA was extracted using TRIZOL (Invitrogen, USA). Contaminating genomic DNA was removed by DNase I digestion using DNA-free RNA kit (ZYMO Research, USA). The quality and concentration of RNA samples were assessed using a NanoDrop 2000c spectrophotometer (ThermoFisher Scientific, USA). Reverse Transcription. Reverse transcription was performed using a high-capacity cDNA reverse transcription kit (Applied Biosystems, USA). Total RNA (2 µg) was converted to single stranded cDNA. Reverse transcription without reverse transcriptase was also performed to assess genomic DNA contamination. Quantitative Real-time Polymerase Chain Reaction. Primers were designed using quantitative polymerase chain reaction (qPCR) primer designing software from Integrated DNA Technology and listed in table 1 (Integrated DNA Technology Inc., USA). Quantitative reverse transcriptase polymerase chain reaction was used to validate oxytocin receptor and vasopressin 1A receptor primers using oxytocin and vasopressin 1A receptor neuroblastoma--derived hyper-expression cell lines and a nonreceptor expressing neuroblastoma 2A cell line. Primers amplified messenger RNA (mRNA) only for their respective receptors and not the other or in the neuroblastoma 2A cell lines. Primers were designed to minimize amplification from contaminating genomic DNA.
qPCR was performed using All-in-One qPCR SYBR Green Master Mix (GeneCopoeia Inc., USA) in a 96-well format on an ABI PRISM 7500 Fast real-time PCR System (Applied Biosystems, USA). Polymerase chain reactions (PCRs) contained 0.2 µM of primers and 20 ng of reverse transcribed total RNA in 20 µL. PCR was performed with an initial 3-min denaturation at 95°C followed by 40 cycles of PCR (15 s at 95°C, 30 s at 60°C and 15 s at 72°C). Melt curve analysis performed at the end of qPCR reproducibly showed a single peak for each gene in each sample. The relative change in the target gene expression was analyzed using 2 -ΔΔCT method, as previously described. 20 Samples containing no cDNA template and no reverse transcriptase were run as negative controls for contamination and amplification of genomic DNA, respectively. All samples were run in triplicate. For each gene, qPCR reactions for no-surgery and injury groups were run concurrently on the same 96-well plate. The mRNA levels of oxytocin and vasopressin 1A receptors were normalized to mRNA levels of actin in each sample.
Statistics
Power Analysis. Target group sizes (11 for behavioral studies and 8 for mRNA and immunohistochemistry studies) were determined before experimentation using power analyses on preliminary data to observe a 20% effect size in the primary outcome measures (α=0.05, [1-β]=0.8 [IBM SPSS Sample Power; IBM, USA]). For the intrathecal antagonist studies, we accounted for up to a 25% exclusion rate for animals with partial spinal nerve ligation due to lack of recovery to 13 g within 5 to 9 weeks after surgery, and received approval to prepare up to 14 animals per group to accommodate these potential exclusions. Growth Curve Analysis of Recovery from Hypersensitivity after Partial Spinal Nerve Ligation. Paw withdrawal threshold over time in animals allocated to the intrathecal antagonist studies, but before their first intrathecal injection, they were modeled using a previously described growth curve approach using SAS version 9.2 (SAS Institute, Inc., USA). 5 Linear, log-linear, and quadratic functions were examined. Intrathecal Antagonist Studies during Recovery from Partial Spinal Nerve Ligation. Data were not normally distributed, and were presented as medians and quartiles in graphs. For both the atosiban and the selective antagonist experiments, we developed models that best fit our data to analyze nested variables. The primary analyses for the experiments were clustered, where models were constructed for no-surgery females, partial spinal nerve ligation females, no-surgery males, and partial spinal nerve ligation males for each side in the atosiban experiment (ipsilateral and contralateral), resulting in eight clusters, and for the ipsilateral side in the selective antagonist experiment, resulting in four clusters. In each cluster, we developed generalized estimating equations to test the factors of drug, time, and injection number using IBM SPSS version 22 (IBM). Drug, time, and injection number were nested variables for each animal. Generalized estimating equation models are most appropriate to accommodate the skewness of the data and allowed comparisons including nested measures from the same animals. The generalized estimating equation analyses were best fit to the data when a log-link function was applied to the models. The residual series were examined to determine the fit of the models. Bonferroni correction was applied for comparisons within study drug and condition groups for paw withdrawal threshold at all times compared to the baseline for that group. In the atosiban experiment, the corrected P value was 0.0042 (0.05 of 12 test comparisons for significance), and in the selective antagonist experiment the corrected P value was 0.0025 (0.05 of 20 test comparisons for significance). Secondary, exploratory analyses were the effects of all factors on the hind paw contralateral to injury in the atosiban experiment. Immunohistochemistry. To test the oxytocin fiber outcome between nerve injury and no-surgery groups, accommodate the skewness of the data, and compare multiple nested 
Results
Animal and Data Exclusion
Of the 64 animals in studies excepting the intrathecal antagonist behavioral experiments, data from one animal in the immunohistochemistry study (partial spinal nerve ligation group 10 weeks after surgery) were excluded for data outlier (defined a priori to experimentation as any value that fell outside 2 SDs from the group mean). Exclusions for the intrathecal antagonist studies are shown in figure 1 . "Exclusions by Drug" in figure 1 represents failure to regain a paw withdrawal threshold greater than or equal to 13 g after the previous randomly-allocated drug and dose injection. There was no association between the nature of the previous injection (saline or drug, dose of drug) and hypersensitivity on the next testing day leading to exclusion, arguing against a residual effect only from the antagonists as a cause of these exclusions.
Spinal Oxytocin Receptor and Vasopressin 1A Receptor Antagonism during Partial Recovery from Partial Spinal Nerve Ligation
The time course of paw withdrawal threshold after partial spinal nerve ligation is shown in figure 2. Paw withdrawal threshold over time was best fit by a quadratic function. There was no sex difference in the modeled change of paw withdrawal threshold over time. Only 6 of 112 animals failed to meet inclusion criteria for the first intrathecal injection. Atosiban. A statistically significant interaction was found in generalized estimating equation analyses for the main effect of Drug × Time × Injection in the contralateral and ipsilateral sides to injury in the overall analyses for both males and females after partial spinal nerve ligation injury and in no-surgery females when compared to their baseline paw withdrawal threshold (table 2) . No main effect of Drug × Time × Injection was found in no-surgery male animals on the contralateral or ipsilateral side. These effects describe an overall analysis where all Drug × Time × Injections were compared within surgery, sex, and side clusters. The main effects of the Drug × Time × Injection analyses were further analyzed to compare paw withdrawal thresholds over time after administration of atosiban or saline (saline, low dose atosiban, high dose atosiban) compared to the baseline paw withdrawal threshold for each drug.
In females with partial recovery after partial spinal nerve ligation, intrathecal atosiban reduced paw withdrawal threshold ipsilateral and, to a lesser extent, contralateral to injury ( fig. 3A and 3B) , whereas in males intrathecal atosiban reduced paw withdrawal threshold only ipsilateral to injury ( fig. 3C and 3D ). Intrathecal atosiban did not affect paw withdrawal threshold in no-surgery male or female rats ( fig. 3) . Baseline values differed between normal and partial spinal nerve ligation groups, but did not differ among intrathecal treatments within each of these groups. Selective Antagonists. A statistically significant interaction was found in generalized estimating equation analyses for the main effect of Drug × Time × Injection in the ipsilateral to injury sides in the overall analyses for both males and females after partial spinal nerve ligation injury, and in no-surgery males and females compared to their baseline paw withdrawal threshold (table 2). The main effects of the Drug × Time × Injection analyses were further analyzed to compare paw withdrawal thresholds over time after administration of selective antagonists or saline (saline, low dose oxytocin receptor antagonist, high dose oxytocin receptor antagonist, low dose vasopressin 1A receptor antagonist, and high dose vasopressin 1A receptor antagonist) compared to the baseline paw withdrawal threshold for each drug.
Both antagonists reduced paw withdrawal threshold in animals of both sexes that had partially recovered from partial spinal nerve ligation surgery. In all cases, both low-and high-dose intrathecal antagonists selective for either vasopressin 1A or oxytocin receptors reduced paw withdrawal threshold ( fig. 4) . Small effects of intrathecal saline were observed at isolated time points, with a decrease in paw withdrawal threshold in males 1 h after injection increase in females 1 and 3 h after injection (fig. 4) .
In no-surgery animals, intrathecal antagonists affected paw withdrawal threshold only at a few isolated time points, including a decreased paw withdrawal threshold in females 3 h after administration of the high dose of vasopressin 1A receptor antagonist ( fig. 4A) , and 0.5 h after administration of the high dose of oxytocin receptor antagonist ( fig. 4B ). In males, the high dose of oxytocin receptor antagonist decreased paw withdrawal threshold 2 h after administration of ( fig. 4D) .
Effect of Surgical Injury on Oxytocin Innervation of the Spinal Cord
Paw withdrawal threshold decreased in animals randomized to partial spinal nerve ligation from 24 ± 1.0 g before surgery to 14 ± 2.4 g (P < 0.05) at the time of tissue harvest after PAIN MEDICINE surgery. Representative images of oxytocin immunoreactivity in the cervical, thoracic, and lumbar spinal cord at 10 weeks after partial spinal nerve ligation (ipsilateral to injury) and age-matched no-surgery animals (right side) show fiber staining concentrated in the superficial dorsal horn that is greater in lumbar than cervical or thoracic regions and is increased in the injured animals ( fig. 5A ). The generalized estimating equation analyses indicated a significant main effect of Surgical Group in the deep laminae of the ipsilateral and contralateral side, a main effect of Spinal Cord Level in the superficial laminae of the contralateral side, and in the superficial and deep laminae of the ipsilateral side. A statistically significant interaction was found in generalized estimating equation analyses for Surgical Group × Spinal 
Spinal Oxytocin Signaling and Surgical Recovery
Cord Level in the superficial laminae of both contralateral and ipsilateral sides. Quantitative analysis confirmed an approximately 2-fold greater oxytocin immunoreactive area in the superficial dorsal horn of the lumbar cord compared to other areas, and an increase in oxytocin immunoreactivity ipsilateral, but not contralateral to injury in the lumbar cord ( fig. 5B ). There was also a decrease in oxytocin immunoreactivity ipsilateral to injury in the cervical spinal cord (fig. 5B) .
Although there was a smaller proportion of deeper laminae occupied by oxytocin immunoreactivity than in the superficial dorsal horn, there was a similar cephalocaudal distribution, with greater oxytocin immunoreactivity in lumbar compared to thoracic and cervical regions ( fig. 5C ).
Effect of Surgical Injury on Oxytocin and Vasopressin 1A Receptor mRNA in Spinal Cord and Dorsal Root Ganglia
Paw withdrawal threshold decreased in animals randomized to partial spinal nerve ligation surgery from 22 ± 1.4 g before surgery to 12 ± 2.6 g (P < 0.05) at the time of tissue harvest after surgery, whereas it did not change in no-surgery animals (26 ± 0 to 24 ± 1.4 g). mRNA expression did not differ in tissues from animals 2 or 10 weeks after surgery, so these results were combined for analysis. Two-way ANOVAs revealed main effects and their interactions between surgical group and location for both oxytocin (P < 0.001) and vasopressin 1A (P = 0.002) receptor mRNA expression levels. Injury was associated with a 6.5-fold increase of oxytocin 
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receptor mRNA level in the L4 dorsal root ganglion ipsilateral to injury, and 1.7-fold increase in the lumbar spinal cord contralateral to injury compared to no-surgery animals ( fig. 6 ; P = 0.002 and P = 0.046, respectively). Injury was also associated with a 2.3-fold increase in vasopressin 1A receptor mRNA level in the L4 dorsal root ganglion ipsilateral to surgery compared to no-surgery animals ( fig. 6 ; P = 0.013).
Discussion
Preventing chronic pain after surgery is a major focus of preclinical and clinical research, yet there are few clinical signals to guide mechanistic work in animals, and much of previous preclinical research has focused on minor surgical procedures with rapid recovery (incision) or major nerve injury with exceedingly slow recovery (spinal nerve ligation). Clinical trials of drugs active to transiently treat pain behaviors after major nerve injury, and in patients with chronic neuropathic pain, such as gabapentinoids or monoamine reuptake inhibitors, have shown mixed efficacy to speed recovery or reduce chronic pain after surgery. 21, 22 The key contribution of the current study is to extend the clinical observation of protection from chronic pain after surgery in women in the postpartum period 11 to a role for spinal oxytocin plasticity and signaling in recovery from surgical injury-induced hypersensitivity in both sexes outside this period.
Acute Reversal of Recovery from Mechanical Hypersensitivity
Oxytocin and vasopressin 1A receptor agonists reduce hypersensitivity after inflammatory, chemical, or surgical injuries by actions in the periphery, spinal cord, and supraspinal areas. 23 The novel contribution of the current study is the demonstration of ongoing activation of these receptors in the spinal cord and/or sensory afferents during the recovery phase after injury. These data are consistent with accelerated recovery from surgery-induced hypersensitivity in postpartum rats, which is transiently reversed when oxytocin release is reduced during weaning of pups or when spinal oxytocin and vasopressin 1A receptors are blocked by intrathecal injection of a nonselective antagonist. 
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Whether the site(s) of oxytocin signaling in this setting reside on interneurons in the spinal cord 24 or on primary afferents 25 cannot be determined by intrathecal injection, which affects both.
Clear sex differences exist for some supraspinal actions of oxytocin, such as pair-bonding, in which the sex difference reflects differences in oxytocin and vasopressin 1A receptor localization rather than oxytocin neuronal innervation patterns. 26 Both oxytocin and vasopressin 1A receptors are present in the spinal cord of male and female rodents, 27 although methodologic limitations in these studies preclude the definitive exclusion of a subtle sex difference if it exists. Similarly, there is not a sex difference in the antimechanical hypersensitivity effect of intrathecal oxytocin itself in rats, although its duration of action is shorter in females. 28 Our anatomic and behavioral data do not support a major sex difference in tonic spinal oxytocin signaling during recovery from surgery, and confirm our previous findings 5 of a lack of sex difference in speed of recovery after surgery. Ongoing clinical trials of intrathecal oxytocin 29 will determine whether there is a sex difference in humans.
Evidence in various species, injuries, drugs, and routes of administration support a primary mechanism of oxytocin on pain neurotransmission to reflect actions on oxytocin receptors, 30 vasopressin 1A receptors, 25 or both. 23 The current study comparing dose responses after intrathecal injection of two highly selective peptide antagonists 16, 17 suggests that both receptors are activated to reduce hypersensitivity during recovery from surgery. We recognize that potential differences in drug disposition and dispersion after intrathecal injection limit this interpretation and are currently developing and validating selective conditional knockdown of these receptors to more definitively address this question. In addition, whether simultaneous activation of both receptors by oxytocin results in synergistic activity after surgery is not addressed in the current study. 
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Surgical Injury-induced Alterations of Spinal Oxytocin Expression
Peripheral nerve injury results in a plethora of anatomic and biochemical changes in the spinal cord in response to factors released from injured and nearby uninjured sensory afferents and from inflammatory products generated by glia. 31 Among these is a brain-derived growth factor-dependent increase in norepinephrine content and noradrenergic fiber immunoreactivity in the superficial dorsal horn restricted to dermatomes surrounding those receiving input from injury and which begins within days of injury and lasts for weeks. 32 The current results suggest that a similar response occurs with oxytocin innervation in the spinal cord, since oxytocin fiber immunoreactivity was increased in a similar, dermatomally restricted pattern at 2 and 10 weeks after surgery. Although we interpret this increase in fiber immunoreactivity to reflect an anatomic change, other interpretations are possible, including injury-induced increased neurotransmitter synthesis and storage or increased antigen availability or presentation to the antibody. The factors driving this change in immunoreactivity are currently unknown.
In these studies, we focused on oxytocin rather than vasopressin immunoreactivity for two reasons. First, recovery from surgical injury in rodents and humans occurs more rapidly when injury occurs at or near the time of delivery 11, 12 -a time of increased oxytocin, but not vasopressin activity. Second, anatomic, physiologic, and stimulation studies indicate that the primary source of dorsal horn spinal oxytocin comes from fibers descending from the paraventricular nucleus of the hypothalamus. [33] [34] [35] In contrast, descending vasopressin fibers primarily innervate the intermediolateral cell column, with scant presence in the dorsal horn. 36 
Surgical Injury-induced Alterations in Oxytocin and
Vasopressin 1A Receptor mRNA Expression Both oxytocin and vasopressin 1A receptors are expressed on primary sensory afferent cell bodies in dorsal root ganglia in rodents and humans, 37 and both receptors have been implicated in antinociceptive or antihypersensitive actions on sensory afferents. 38, 39 We observed an upregulation of mRNA for oxytocin and, to a lesser extent, vasopressin 1A receptors in lumbar dorsal root ganglia ipsilateral to injury, but not in the spinal cord. In contrast to our findings, infraorbital nerve ligation in rats increases the proportion of trigeminal ganglion neurons which are immunoreactive for vasopressin 1A, but not oxytocin receptors. 25 Whether this discrepancy reflects a difference between mRNA expression and immunoreactivity for protein, between injury procedures, or 
Limitations
There are limitations to these studies in addition to those already discussed. Hypersensitivity, although often present after surgery and correlated with risk of persistent pain, 2,3 is not a measure of pain per se. We are in the process of validating novel motivated and operant behavioral methods that can be repeatedly examined over prolonged periods of time to more completely assess pain behavior during recovery from surgery. Also, sustained spinal delivery of antagonists would more directly address the role of spinal oxytocin signaling on the speed of recovery than it would transient effects after single bolus administration. The current study provides dose response data essential to the design of such studies, although whether prolonged intrathecal catheterization would in itself alter speed of recovery is unknown.
The behavioral studies were not powered to observe subtle sex differences-immunoreactivity is only semiquantitative and can be influenced by alterations in oxytocin synthesis or storage, or by antigen presentation caused by injury rather than changes in fiber anatomy-and tissue measurement of mRNA precludes cellular localization. Finally, we chose a surgical procedure involving known nerve injury because of its time course of recovery and clinical observations that likelihood of chronic pain after surgery increases with the extent of presumed nerve injury. 40 We recognize that chronic pain can occur after surgery without known injury to large peripheral nerves, and that chronic pain after surgery does not frequently present with neuropathic features. We chose age-matched normal animal control groups rather than sham surgery because our primary interest was in the differential effects in biochemical, anatomic, and behavioral measures in animals recovering from surgery compared to animals without other manipulations. As such, we cannot comment on the specific contribution of the nerve injury element of the surgical procedure.
Conclusions
In summary, acute antagonism in either female or male rats of oxytocin or vasopressin 1A receptors in the lumbar intrathecal compartment during the period of active recovery from hypersensitivity after peripheral nerve injury surgery transiently reverses this recovery. At the same time, there is an increase in oxytocin fiber immunoreactivity in the lumbar spinal cord and in oxytocin and vasopressin 1A receptor mRNA in lumbar dorsal root ganglion ipsilateral to surgery. These data extend observations in females in the postpartum period to suggest that spinal oxytocin signaling is a factor that is involved in regulating the speed and extent of recovery from surgery in both sexes and which could be manipulated to speed such recovery.
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